Abstract: Inhibitive action of stearamidopropyl dimethylamine (SAPDA) which considered as cationic surfactant against the corrosion of carbon steel in a 0.5 M HCl solutions was investigated using electrochemical impedance spectroscopy (EIS), linear polarization resistance (LPR) and potentiodynamic polarization techniques. This investigated compound was found to act as effective corrosion inhibitor for the tested system. The polarization data indicated that this surfactant acts as mixed type inhibitor. The inhibition efficiency increased with increasing cationic surfactant concentration and decreased with raising the temperature. The adsorption of the cationic surfactant on the carbon steel surface followed the Langmuir adsorption isotherm model.
Introduction
The carbon steel is used as essential part in the manufacturing and installations used in the petroleum and other industries. The use of inhibitors is one of the most practical methods for protection against metallic corrosion, especially in acidic media. The action of inhibition of the steel corrosion in acidic media by various organic compounds has been widely studied [1] [2] [3] [4] [5] . Hydrochloric and sulfuric acids are often used in the pickling of the steel and ferrous alloys. Inhibitors find applications in pickling, cleaning and acid descaling processes. In general, organic compounds such as amines, acetylenic alcohols, heterocyclic compounds etc., have found used as inhibitors in industrial applications [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
The aim of this paper is to study the inhibition action of stearamidopropyl dimethylamine as cationic surfactant using some electrochemical techniques. Also to investigate the effect of temperature on the inhibition efficiency
Experimental
Materials used for the study were carbon steel sheet of composition shown in Table 1 . The aggressive solutions of 0.5 M HCl were prepared by dilution of analytical grade AR grade HCl with bi-distilled water. Appropriate concentrations of acid with and without adding inhibitor were prepared using bi-distilled water. Figure 1 and some other physical properties are presented in Table 2 . All electrochemical experiments were carried out using Gamry PCI300/4 Potentiostat/ Galvanostat/Zra analyzer, DC105 corrosion software, EIS300 electrochemical impedance spectroscopy software, EFM140 electrochemical frequency modulation software and Echem Analyst 5.21 for results plotting, graphing, data fitting and calculating. The corrosion cell used had three electrodes. The reference electrode was a saturated calomel electrode (SCE). A platinum electrode was used as auxiliary electrode. The working electrode was carbon steel. All potentials given in this study were referred to this reference electrode. The working electrode was in the form of a square cut from carbon steel embedded in epoxy resin of polytetrafluoroethylene (PTFE) so that the flat surface was the only surface in the electrode and was immersed in the test solution for 30 min, to establish a steady state open circuit potential (Eocp). After measuring the Eocp, the electrochemical measurements were performed.
Electrochemical impedance spectroscopy (EIS) measurements
All electrochemical tests have been performed in aerated solutions at 293K. The EIS experiments were conducted in the frequency range from 100 kHz to 0.1 Hz at open circuit potential by applying 10 mV ac voltage peak-to-peak. Nyquist plots were made from these experiments and the best semicircle can be fitted through the data points in the Nyquist plot using a non-linear least square fit so as to give the intersections with the X-axis.
Linear polarization resistance (LPR) measurements
Linear polarization resistance measurements were carried out by polarizing the specimen from +20 to −20 mV with respect to E corr , at a scanning rate of 0.1 mV/s. All the tests were carried out at 293K and after 30 min from the addition of the surfactant.
Potentiodynamic polarization measurements
The electrochemical behavior of carbon steel sample in the inhibited and uninhibited solution was studied by recording cathodic and anodic potentiodynamic polarization curves. Measurements were performed in the 0.5 M HCl solutions containing different concentrations of the SAPDA by changing the electrode potential automatically from -500 to +1500 mV versus corrosion potential at a scan rate of 1 mV s -1 . The linear Tafel segments of anodic and cathodic curves were extrapolated to corrosion potential to obtain corrosion current densities (i corr ).
Results and Discussion

Potentiodynamic polarization technique
The polarization curves of carbon steel in 0.5 M HCl without and with different concentrations of SAPDA. With the increase of SAPDA concentrations, both anodic and cathodic currents were inhibited. The numerical values of the variations in corrosion current density (i corr ), corrosion potential (E corr ), anodic Tafel slope (β a ), cathodic Tafel slope (β c ) and inhibition efficiency (IE %) with the concentrations of SAPDA at all studied temperature are depicted in Where i corr(uninh) and i corr(inh) are the corrosion current densities in the absence and presence of inhibitor, respectively. Table 3 showed that the IE % was increased with an increase in the concentration of SAPDA. It was found that the addition of SAPDA suppressed both anodic and cathodic reactions due to its adsorption on the carbon steel surface blocking the active sites. The results showed that the increase in inhibitor concentration leads to decrease the corrosion current density (i corr ) as shown for Table 3 & Figure 2 but the Tafel slopes (β a ‚ β c )‚ are approximately constant indicating that the retardation of the two reactions (cathodic hydrogen reduction and anodic metal dissolution) were affected without changing the corrosion mechanism. It is reported that if the shift in corrosion potential exceeds ±85 mV with respect to corrosion potential of the uninhibited solution, the inhibitor acts as either anodic or cathodic type. In the present case the maximum displacement in E corr was found to be within +40 mV, which indicates that SAPDA acts as mixed type of inhibitor 18 . 
Electrochemical impedance spectroscopy (EIS) measurements
The effect of SAPDA concentration on the impedance behavior of carbon steel in 0.5 M HCl solutions at 293K is presented in Figure 3 . The curves shows a similar type of Nyquist plots. The existence of single semi-circle showed the single charge transfer process during dissolution which is unaffected by the presence of inhibitor molecules. Deviations from perfect circular shape are often referred to the frequency dispersion of interfacial impedance which arises due to surface roughness, impurities, dislocations, grain boundaries, adsorption of inhibitors, and formation of porous layers and in homogenates of the electrode surface 19 . Inspections of the data reveal that each impedance diagram consists of a large capacitive loop with one capacitive time constant in the Bode-phase plots Figure 4 . It can be concluded from Figure 4 that the impedance response of carbon steel significantly changed after the addition of SAPDA in the corrosive solution. This can be attributed to an increase in substrate impedance with the increase in inhibitor concentrations.
The electrical equivalent circuit model is shown in Figure 5 . It is used to analyze the obtained impedance data. The model consists of the solution resistance (R s ), the charge-transfer resistance of the interfacial corrosion reaction (R ct ) and the double layer capacitance (C dl ). Excellent fit with this model was obtained with our experimental data. EIS data Table 4 show that the R ct values increases and the C dl values decreases with increasing the inhibitor concentrations. This is due to the gradual replacement of water molecules by the adsorption of the inhibitor molecules on the metal surface, decreasing the extent of dissolution reaction. The high (R ct ) values, are generally associated with slower corroding system 20, 21 . The double layer capacitance (C dl ) and inhibition efficiency (IE %) are calculated from the following equations 22 :
Where max F is the frequency at apex on Nyquist plot, ct R and ct R are the charge transfer resistance values at the absence and presence of inhibitor, respectively. As seen from Table 4 . The decrease in the dl C can result from the decrease of the local dielectric constant and/or from the increase of thickness of the electrical double layer suggested that the inhibitor molecules function by adsorption at the metal/solution interface 20, 21 . 
Linear polarization resistance (LPR) measurements
The linear polarization resistance curves of carbon steel with and without SAPDA addition has been illustrated in Figure 6 and the corrosion parameters are given in Table 5 . The corrosion current density (i corr ) values without inhibitor is higher than those observed with inhibitor addition and gradually decrease as the concentration of SAPDA increase and the corrosion rates had the same trend, IE was evaluated as follows 23 : Figure 6 and Table 5 ). This suggests that the corrosion inhibition of the carbon steel corrosion in the presence of SAPDA occurs by adsorption on the metal surface. 
Adsorption isotherms
The available data have revealed that the action of corrosion inhibitors is due to adsorption of the inhibitor molecules on the surface of the corroding metal. The adsorption may be attributed to the nature and charge of the metallic surface, the type of the corrosive medium and the molecular structure of the inhibitor 24, 25 .
For obtaining the best description of adsorption behavior of the inhibitor, attempts were made to fit θ values to various isotherms including Frumkin, Temkin, Freundlich and Langmuir adsorption isotherms. By far the best fit was obtained with the Langmuir isotherm and can be represented using the following equation 26, 27 :
Where inh C is the inhibitor concentration, K ads is the adsorption equilibrium constant and θ is the surface coverage. Figure 8 shows the plots of C inh / θ against surfactant concentration (C inh ) at 293K and the expected linear relationship is obtained with excellent correlation coefficients (R 2 = 0.9999) which confirms the validity of this approach. The slopes of the straight lines are unity, suggesting that adsorbed surfactant molecules form monolayer on the carbon steel surface and there is no interaction among the adsorbed inhibitor molecules. The large values of K ads (Tables 6) obtained The values of ΔG°a ds (Table 6) indicate that the surfactant molecules are adsorbed physically and chemically on carbon steel surface i.e. mixed one. The absolute values of ΔH°a ds for adsorption are 27.4 kJ mol -1 , which are lower than 40 kJ mol -1 and indicate that physisorption takes place. The ΔS°a ds values are large and negative, indicating that the decrease in disordering takes place on going from the reactant to the adsorbed species 29 . Figure 8 . Linearized form of the Langmuir adsorption isotherm for adsorption of SAPDA onto the carbon steel surface at 293K 
Effect of temperature
The effect of temperature on the inhibited acid-metal reaction is very complex, because many changes occur on the metal surface such as rapid etching and desorption of inhibitor and the inhibitor itself may undergo decomposition 26 . To investigate the mechanism of inhibition and to calculate the activation energies of the corrosion process, potentiodynamic polarization measurements were taken at various temperatures in the absence and the presence of different concentrations of SAPDA (Figure 9 ). In the studied temperature range (293-323K), i corr values increase with increasing temperature both in uninhibited and inhibited solutions and the values of the inhibition efficiency of SAPDA decrease with increasing temperatures. Figure 9 shows that by raising the temperature, corrosion potential shifts to nobler direction. According to the Arrhenius equation, the apparent activation energy (E a ) of metal corrosion in both media (blank and inhibited) can be calculated from the following equations 30, 31 :
RT E A i a corr 303 . 2 log log   Where A is the Arrhenius pre-exponential constant. Figure 10a shows the logarithm corrosion rate (i corr ) against the reciprocal of the absolute temperature (1/T) in the absence and presence of SAPDA. Straight lines are obtained. The slopes of the lines are -E a /2.303R which are extracted and shown in Table 7 . The calculated value of E a in the absence of inhibitor is 4.6 kJ mol -1 , while in the presence of SAPDA is 29.9 kJ mol -1 , respectively. In the literatures, the higher E a for corrosion process in the presence of an inhibitor is attributed to the physisorption of inhibitor 27, 32 . The enthalpy and entropy of activation for the metal dissolution process are determined using the transition state Eq. 
4 Double-layer capacitance decreases and charge transfer resistance increases with respect to the blank solution when the surfactant was added 5 The apparent activation energies in the presence of the tested surfactant are smaller than that in bare HCl solution. 6 The adsorption of investigated surfactant on carbon steel surface obeys the Langmuir adsorption isotherm model.
